The behaviour of the FracRoot model, which describes coarse-root architecture based on proximal root diameters using a recursive algorithm, was studied using field data on Populus deltoides Bartr. ex Marsh. in a short-rotation plantation. Roots were described as a branching, hierarchical network of connected links. Diameters of daughter links were estimated from the diameter of the mother link using scaling parameter p and allocation parameter q, which were based on sharing of the root cross-sectional area by daughter links. Parameters were estimated from complete root excavations. The length of each link and the vertical and horizontal branching angle distributions were recorded. Parameter p values were distributed log-normally, and q values followed a beta distribution both for the whole root system and within 5 mm link diameter classes. Including the variability of p and q in the model did not significantly improve root length estimates compared with the use of mean p and q values over all branching points. Including a coarse-root turnover factor based on field-observed evidence on root mortality improved the model fit to field data. Root length was more sensitive to parameter values and turnover factor than root mass. Field observations and the importance of the turnover factor to simulation accuracy suggest that coarse-root turnover should be considered in root research, at least under conditions of strong competition or other external stress.
Introduction
Access to soil resources, water and nutrients, by tree roots is defined by both root architecture and activity. Coarse-root architecture can provide an estimate of the influence area of a tree (i.e., the radial extension and depth of soil available for water and nutrient acquisition) because nutrient-absorbing fine roots attached to coarse transport roots are generally quite short and external mycelia of arbuscular mycorrhizae, with which most tree species form symbioses, do not grow far from the host root. Direct measurement of root architecture is too laborious for most practical applications for which this information would be valuable, like determining optimal tree spacing in managed forests, plantations, or agroforestry systems. Thus, developing tools for describing root systems based on a few relatively easily measured parameters is of great interest. Hallé and Oldeman (1970) were the first to show that the vast diversity of tree canopy forms may be reduced to a few architectural models. More importantly, they showed that all trees are composed of a few repeated basic structures. This idea has significantly advanced the development of morphological (Room et al. 1994; Godin et al. 1999 ) and functional-structural tree models (Sievänen et al. 2000) . Root architecture is also conceivably formed by repeated elementary units (Sievänen et al. 2000) . Fractal geometry, which was developed for describing the natural forms that cannot be accommodated by Euclidean geometry (Mandelbrot 1983) , has proven to be an important mathematical tool for describing tree root architecture Berntson 1996) . Van Noordwijk et al. (1994) proposed that a fractal root architecture model could be parameterized according to the pipe model theory (Shinozaki et al. 1964) . This approach has been tested for roots and shoots of several tropical tree species (van Noordwijk and Purnomosidhi 1995; van Noordwijk and Mulia 2002) . Building on the numerical version of the model , Ozier-Lafontaine et al. (1999) developed a recursive algorithm, the FracRoot model, for reproducing and visualizing complete-tree root systems based on proximal root characteristics.
Comparison of FracRoot results with field data indicated that the model tended to overestimate root mass (OzierLafontaine et al. 1999) . Two possible causes for this tendency are that (1) the model does not take into account root turnover but simulates an idealized root system and (2) the model is based on the self-similarity assumption, i.e., that the root system maintains a similar form over a range of scales. Coarse roots of trees are assumed to be quite stable organs with a low turnover rate. However, coarse-root senescence over years may arise because of adverse growing seasons, herbivory, pathogens, and shoot damage like defoliation (Salas et al. 2004; King et al. 2007) . Further, if nutrient uptake of a tree seriously depletes nutrients from parts of the soil, fine roots die (van Noordwijk et al. 1996) and coarse transport roots, to which the dying fine roots are attached, may also die. This process is analogous to self-pruning of branches in a tree canopy when they become too heavily shaded.
The self-similarity assumption may be criticized on a mathematical basis (Mandelbrot 1983 ) and based on the observation that link radii and length tend to scale by different factors (West et al. 1999; Salas et al. 2004) , thereby leading to nonsimilar variation in link volume. Most natural forms are statistically self-similar over a limited range (Avnir et al. 1998) . In transport networks like coarse roots, structural complexity translates into asymmetric branching patterns, and multifractal analysis of root structures has been proposed as a suitable tool for providing insights on the ability of root systems to forage in time and space for soil resources. Fractal dimensions of a multifractal system vary depending on the processes that regulate their formation (Berntson 1996) . Parameter values of FracRoot-type models have shown large overall variation, although no trends related to root topology or diameter have been observed (van Noordwijk and Purnomosidhi 1995; Ozier-Lafontaine et al.
1999
; Salas et al. 2004 ). However, the use of mean parameter values may cause bias in the simulations of root-system components. The first way to approach the multifractal nature of tree root systems may be based on the analysis of their internal variability and may require that the mean parameter values be replaced with distribution laws in the model.
The aim of this contribution is to test the effects of turnover and internal variability of tree root systems on modelling coarse-root architecture. The test data are based on measurements on root systems of eastern cottonwood (Populus deltoides Bartr. ex Marsh.) growing in a temperate short-rotation plantation. The specific objectives of the study were to (1) test whether the accuracy of the root architecture model FracRoot (Ozier-Lafontaine et al. 1999; Salas et al. 2004) can be improved by introducing a stochastic root turnover factor to the model; (2) test whether replacing mean parameter values with distributions laws improves the accuracy of the model for root simulation; and (3) evaluate the combined effects of turnover and parameter distributions on the accuracy of the model.
The FracRoot model
Here, the concept of link will refer to a piece of a root between two branching points, or an internode. An axis is formed by subsequent links; especially, the main axis of a root is formed by the thickest link attached to a proximal root and is always continued by the thickest link in a branching point. A proximal root is a link directly attached to the root collar. The concept of root (sometimes individual root for clarity) will refer to the main axis starting from a proximal root and all laterals attached to it. Root system will refer to all roots of a tree.
A tree root is described as a continuously branching hierarchical network of connected links. Scaling factors between subsequent links were assumed to be invariant within a whole tree in the original FracRoot model formulation van Noordwijk et al. 1994; Ozier-Lafontaine et al. 1999) , or the root system was assumed to be a self-similar fractal. The branching generation of a link (West et al. 1997 ) is assigned following a developmental sequence (cf. Berntson 1996) , i.e., starting from the root collar with stem as generation 0 and proximal roots having branching generation 1.
Root architecture is designed using a recursive algorithm (Ozier-Lafontaine et al. 1999 ). The algorithm is applied until the final branch of the network, links of minimum diameter D m , are reached. Here, we applied D m = 2 mm, which was assumed to be the limit between coarse and fine roots (Block et al. 2006) . The scaling factor p is defined as the ratio of the square of link diameter before bifurcation (D 2 b ) to the sum of squares of the diameters of bifurcating daughter links ( P D 2 a ):
The allocation factor of a link's cross-sectional area, q, is estimated as 
where n is the total number of daughter links formed in the branching event. Each new link has a random bifurcation angle generated from the cumulative bifurcation angle frequency (Salas et al. 2004 ). Link length is estimated as a logarithmic function of its own branching generation. New links with a diameter greater than D m have further bifurcations generated through the process described above. The number of new links is estimated from the percentages of two-, three-, and four-daughter links in the field data. FracRoot simulations without a turnover factor are computed so that these percentages total 100%. A root turnover factor accounting for the occurrence of ''zero links'' is included in the model; this occurrence refers to an abnormal termination of a root before it reaches D m . In simulations including root turnover, the sum of the percentages of zero, two, three, and four links formed in a branching event total 100%. The number of daughter links is randomly selected from the cumulative frequency range of the number of links formed in a branching event.
In all earlier applications of FracRoot-type models, invariant p and q values were used in the whole root system (van Noordwijk and Purnomosidhi 1995; Ozier-Lafontaine et al. 1999; Salas et al. 2004) . In this work, six alternative values for parameters p and q were tested:
(1) general mean of the measured parameter values for the whole root system; (2) general median of the measured parameter values for the whole root system; (3) estimation of parameter values from general distributions for whole root system, based on observed distributions of p and q in the field; (4) mean of the measured parameter values by 5 mm diameter classes of field data; (5) median of measured parameter values by 5 mm diameter classes of field data; and (6) estimation of parameter values from observed distributions by 5 mm diameter classes of field data. The values of p and q are used in eqs. 1-4 for estimating the diameters of daughter links. In cases 3 and 6, the p and q values are randomly sorted in each branching event from the respective distribution corresponding to the mother link diameter.
This version of FracRoot software was developed with C++ programming language. OpenGL graphic libraries were used for visualization of root architecture.
Field data
The parameterization and validation data for P. deltoides were measured in an experimental plantation on the Missouri River floodplain at the University of Missouri's Horticulture and Agroforestry Research Center in New Franklin, Missouri, USA (39801'N, 92846'W; 197 m altitude) . The growing season is from April to October. Annual precipitation is ca. 1130 mm, with a slight peak in spring and early summer. Water deficits develop in late summer. The field floods occasionally in spring and early summer. The soil is a Moniteau silt loam (fine-silty, mixed, superactive, mesic Typic Endoaqualf), which is fertile, moderately welldrained, and permeable (Pallardy et al. 2003) . The plantation was established using 20 cm long cuttings at 1 m Â 1 m spacing in May 1999 (Pallardy et al. 2003) . Three P. deltoides clones were sampled. The mean height of P. deltoides trees was 8.4 m in autumn 2002.
The root systems of two trees of each P. deltoides clone were studied in autumn 2002. All proximal roots of a tree were exposed to the first branching point. Link diameter at the root collar and before the first branching point, azimuth, and inclination of the proximal root were recorded.
One or two roots were selected from each tree for complete excavation. The roots were selected so that when the completely excavated roots of all trees were pooled, they covered the observed diameter range of proximal roots of the sample trees. The roots were carefully unearthed one by one using small hand tools to avoid changes in their position. The excavation proceeded along the main axis. All laterals attached to the main axis were also followed and exposed until a minimum diameter of 2 mm. All axes were followed as far and deep as they had grown. The data measured on these roots included:
(1) branching generation according to West et al. (1997) ; (2) link diameter before each bifurcation, and diameters of the bifurcating links; (3) link length, L i ; (4) vertical and horizontal angle between the bifurcating links (bifurcation angle); and (5) relationship between fresh root volume and dry mass (basic density) from a sample of 45 root pieces of different diameters. After the excavation of individual roots, all soil and roots were removed to a depth of 1 m in a 1 m 2 square centred on the stem around five P. deltoides trees. This allowed us to obtain an adequate estimate of tree root biomass, with roots of nonsample trees growing into the excavated volume compensating for roots of sample trees growing outside the 1 m 3 zone (Scarascia-Mugnozza et al. 1997 ). Roots growing below 1 m depth were limited to a few brace roots that terminated less than 25 cm beyond the 1 m excavation limit. Roots were separated from soil by hand, washed free of soil using a 1 mm sieve, and oven-dried at 70 8C until reaching a constant mass.
Data analyses
The turnover factor was determined by counting the relative frequency of the cases when a root terminated before reaching the minimum diameter of 2 mm. The termination of a root before 2 mm was assumed to indicate turnover be-cause normally the roots continued well past this diameter and formed abundantly bifurcating fine roots. The turnover factor as defined here refers to a missing link in a case where one is expected and integrates link turnover over the life-span of a tree.
The fit of several probability distributions to observed distributions of parameter p and q values in different link diameter classes was tested using a one-sample KolmogorovSmirnov test. Distributions that fit best to all link diameter classes were selected for further model test runs.
Total length of each fully excavated root was computed from the field data by summing up the length of all links of the root. The model was tested in the six cases described in ''The FracRoot model'' section, running them with and without root turnover. Because of the stochasticity of the model, the mean of 75 runs of the software was used as the simulated value in all cases. The accuracy of root length prediction was evaluated by fitting a linear regression without intercept between observed and simulated root lengths. A significant regression slope close to unity (0.95-1.05) was the main criterion for the model performance in this case (Mayer and Butler 1993; Rita and Ekholm 2007) , with the coefficient of explained variance (R 2 ) as an auxiliary metric. The same procedure was used for estimating the accuracy of the prediction of the number of links in a root.
Root mass was simulated by computing the volume of each link from its radius and length, multiplying the volume by basic density for link mass, and summing up link masses for whole root system mass. Because we did not determine the mass of individual roots, we plotted the simulated root system mass against the measured root system mass and performed the same analyses used for individual root length.
Results

Parameter estimates
The mean and median values of the scaling parameter p and allocation parameter q did not coincide either for the whole root system or for the 5 mm wide link diameter classes (Table 1 ). This result suggests that the distributions of the parameters are not normal. Statistically significant differences in p values among diameter classes were not detected by Kruskall-Wallis (P = 0.1263), Brown-Mood Median (P = 0.0578), or Savage (P = 0.4362) nonparametric tests. All three tests indicated statistically significant differences among diameter classes for q values (P = 0.0029 or lower). Because of the distribution form, a Kruskall-Wallis test is more reliable for p than q, a Savage test is more reliable for q, and the Brown-Mood Median test approximately suits both. No trend in parameter values according to link diameter was evident, e.g., the two highest median p values were observed in diameter classes >2.5 and 1.0-1.5 cm, and the lowest and second lowest mean q values were measured in the smallest and largest diameter class, respectively.
The p values by diameter class followed a log-normal distribution with a threshold parameter q (Fig. 1) , and q values followed a beta distribution that was restricted between 0.25 and 0.99 (Fig. 2) . The lower limit for the beta distribution is the theoretical minimum value of q when four new links, the maximum number in our simulations, are formed at a branching point (eq. 2). The upper limit was determined from field data. According to the one-sample KolmogorovSmirnov test, the fit of the log-normal distribution succeeded for p in all diameter classes (P < 0.05). The fit of the beta distribution for q failed only for diameter class 0.5-1.0 cm.
We also tested whether the form of distributions fitted by diameter class differed among each other by comparing the cumulative distributions by diameter class using a two-sample Kolmogorov-Smirnov test (P < 0.05). Statistically significant differences were detected between several diameter classes for p (Table 2 ). In the case of q, the only significant difference was between diameter classes 1.0-1.5 and >2.5 cm, while the q values of the other classes were intermediate (Table 3) .
Although link length varied considerably within each branching generation (Fig. 3) , we observed a statistically significant trend of link length as a function of the natural logarithm of branching generation. This regression was used for estimating link length in all FracRoot simulations.
The distribution of the vertical bifurcation angles relative to the mother link had a strong peak around 08 (Fig. 4) . Oth- erwise the distribution was quite flat with low frequencies for large up-or downward angles. The distribution of the horizontal bifurcation angles of both species peaked at 08 and was otherwise flat (Fig. 5) . According to the field estimations, 31% of links predicted by the ideal root structure were missing in P. deltoides. These missing links were interpreted as root turnover. Two, three, and four or more new links were observed in 42%, 16%, and 11% of branching points, respectively. These percentages sum to 100% with the turnover percentage. The basic density of P. deltoides roots was 0.38 gÁcm -3 .
Model test runs
The means and medians of p and q given in Table 1 and  the distributions defined by parameters given in Tables 2  and 3 were used in FracRoot simulations. The FracRoot model produced high overestimations of root length of P. deltoides when the root turnover factor was not considered (Fig. 6) . Overestimation of root system mass was much more moderate, ranging from an overestimation of 1.13 times for case 1 to 1.78 times for case 3. When root turnover was considered, the regression slope between observed and estimated root length differed significantly from 1 only for case 5, mainly because of relatively high standard deviations of the slopes (Table 4) . However, the slope differed by 5% or less from unity only in cases 1 and 3. These results indicate that root turnover affected the reliability of root length estimates provided by the FracRoot model more so than did the stochastic properties of parameters p and q.
Because of the strong root length overestimation when root turnover was not taken into account, only estimates with turnover were evaluated for the number of links (Table 5 ) and root system mass (Fig. 7) . Parameter values defined for the whole root system (cases 1-3) produced Table 3 . more accurate estimates for the number of links within a root than did diameter-class-specific parameter values (cases 4-6; Table 5 ). However, the number of links was underestimated by 14% (case 1) or more in all cases. The mean of p and q for whole root system produced the best estimates for root length (Fig. 6, Table 4 ) and number of links in a root (Table 5 ) but the poorest estimate for root system mass (Fig. 7) .
In spite of being highly significant, all regressions had low R 2 values. This indicated that the FracRoot model had a limited power to predict individual-root characteristics but the significant slope close to unity suggested that total root system length of a tree could be estimated quite accurately, as over-and underestimations for individual roots offset each other at the tree level. The error in the total number of links within a root system fell between those of length and mass estimates.
Because the FracRoot model appeared to be more sensitive to the turnover factor than to internal variability of parameters p and q, a sensitivity analysis was conducted for the case that gave the best root length and link number estimates of P. deltoides, i.e, the use of mean p and q values for the whole root system with turnover. The turnover factor was varied by 3 and 6 percentage units around the observed values; these variations represented about 10% and 20% changes relative to the observed turnover factor. Root length and number of links appeared to be more sensitive to the root turnover factor than did root system mass (Table 6) . A turnover factor of 28% (a 3 percentage unit decrease) produced a better estimate for the number of links (slope differing by less than 5% from unity) than did the observed value, i.e, 31%. The former case resulted in a 5% overestimation in root length, as opposed to a 4% underestimation, and slightly improved the root system mass estimate (Table 6) . When all three variables are considered together, the 28% turnover factor appeared to produce better estimates for root system characteristics than did the factor estimated from field data, 31%.
Prediction of root system characteristics
The mean simulated root system length of five P. deltoides trees varied from 74 to 95 m per tree ( Table 7) . The median length of the whole root system estimated by the simulations was 80 m (tree WS). Several small proximal roots produced almost the same total root system length as fewer large proximals; 20 proximals with a mean diameter squared (D 2 pr ) of 1.77 cm 2 in the WS tree and 14 proximals with a mean D 2 pr of 4.33 cm 2 in the WM tree resulted in total root system lengths of 80 and 85 m, respectively. Further, the confidence intervals of the root system lengths of these trees overlapped (Table 7) , indicating a nonsignificant difference (Rita and Ekholm 2007) . The 95% confidence intervals were 7.0%-8.4% of mean root system length, with the maximum of 9.5% for tree WM, and 5.1%-5.9% of mean root system mass, with the minimum of 2.6% for tree WS (Table 7) .
Visualization of P. deltoides root system was computed for tree YM. Because FracRoot generates the root system stochastically, visualization of a case with root system length close to the mean of the 75 model test runs for the same tree was selected here (Fig. 8) . The root system of P. deltoides was restricted to quite a small area around the stem. The simulated influence area of the tree was ellipsoidal ( Fig. 8a) with a long axis of 3.0 m and a short axis of 1.7 m. The maximum depth of the coarse-root system was about 0.9 m. However, the top 20 cm of soil appeared to have a high coarse-root density. Note that the visualization tends to exaggerate the number of deep roots, because superficial roots are superposed in the graph, while each deep root is shown individually (Fig. 8b) . 
Discussion
Coarse-root turnover
While a high fine-root turnover rate is a generally accepted feature of root systems (Hendricks et al. 1993; Block et al. 2006) , coarse-root turnover has received much less attention. Coarse-root turnover is often considered to be caused by external stress factors such as diseases and fire (King et al. 2007 ). Data on coarse-root turnover rate or necromass are seldom reported in literature. In Pinus kesiya Royle ex Gordon plantations, coarse-root necromass accounted for about 10% of biomass in 15-and 23-year-old plantations and about 20% in a 6-year-old plantation (John et al. 2002) . Strong competition in the dense P. deltoides stand and in the youngest P. kesiya plantation (John et al. 2002) may have caused coarse-root turnover.
The FracRoot model reproduces a mathematically idealized coarse-root system based on the proximal root data at the moment of measuring the proximal roots. For example, if root turnover is not taken into account when determining the branching parameters from complete or partial excavation of the coarse-root system, FracRoot reproduces the root system without any missing links, i.e., each link has two to four daughter links as estimated from the observed frequencies. Thus a deterministic ''perfect'' root architecture is formed. Further, the recursive algorithm of the programme stops at a predetermined minimum diameter, but in the field a sizable proportion of roots did not reach the 2 mm limit applied in this study. Thus, we described the turnover factor as a case of ''0 daughters'' at the end of a mother link with a diameter greater than 2 mm. This method keeps the model simple compared with estimating root mortality based on root length, topology, and age (Jourdan and Rey 1997) .
Introducing the turnover factor based on the proportion of assumed missing links in the field data considerably improved the agreement between the observed and simulated Fig. 6 . The relationship between observed and simulated root length in Populus deltoides when simulation is done using p and q values for the whole root system (cases 1-3) without turnover (a), using diameter-class-specific p and q values (cases 4-6) without turnover (b), using p and q values for the whole root system (cases 1-3) with turnover (c), and using diameter-class-specific p and q values (cases 4-6) with turnover (d). See ''The FracRoot model'' section for a description of the cases. The simulated values are means of 75 runs of the FracRoot model. The slopes of the regressions are given in Table 4 . ''Dist'' refers to the use of distribution laws for defining parameter values in cases 3 and 6. root length in P. deltoides (Fig. 6 ). The FracRoot model was also quite sensitive to the turnover factor (Tables 4 and 6 ). The coarse-root turnover factor seemed to be the most important single factor for improving the accuracy of root length estimates. The sensitivity of the model to the turnover factor also suggests that the turnover factor may be calibrated for different cases by using Monte Carlo type iteration when it has not been estimated from field data. In fact, a combination of the estimates for root length, number of links in a root, and root system mass in case 1 suggested that the field-estimated turnover factor might have been slightly overestimated, as reducing the turnover factor from 31% to 28% improved the accuracy of the estimate for the number of links, while the estimate of root length changed from a small underestimation to a small overestimation (Table 6 ).
Internal variability of root system properties
Inclusion of the internal variability of scaling parameter p and allocation parameter q without a root turnover factor resulted in root length overestimation by a factor of ca. 6.5 in P. deltoides (Fig. 6) . Root mass was overestimated by a much smaller factor. Ozier-Lafontaine et al. (1999) observed that root system mass was overestimated by a factor of 1.3 when using invariant mean p and q values without a turnover factor for Gliricidia sepium (Jacq.) Kunth ex. Walp.
The current tests of the FracRoot model contained one or two stochastic factors: turnover, parameter distributions, or both. As is typical for a stochastic model, FracRoot poorly described characteristics of individual roots but gave a relatively good fit for the whole root system. This was especially evident by the poor R 2 values for regressions between observed and simulated values for root length or the number of links within a root (Fig. 6 , Tables 4 and 5), indicating that these characteristics of an individual root may have been seriously under-or overestimated. Although the slope of the regression between observed and estimated values differed significantly from unity (Student's t test) only in few cases, this result was mostly caused by quite high standard errors (Table 4) . To avoid accepting large differences between data sets with high standard error as nonsignificant, a preset ''biologically significant'' difference should be used as the model selection criterion (Rita and Ekholm 2007) . Here, we decided to observe differences of ±5% or less around unity as an indicator of acceptable model fit. This result also clearly demonstrated that FracRoot or similar models should never be used for estimating the length of a root but rather the total length of a root system.
The parameter set (p, q, and turnover factor) and link length equation (Fig. 3 ) that produced the best fit for root length underestimated root system mass of P. deltoides (Fig. 7) . Including the stochasticity of p and q resulted in a small improvement. Root basic density was quite invariant among roots of different diameter. Thus, variation in basic Note: Results for cases with six different estimates for parameters p and q with and without turnover are presented. See ''The FracRoot model'' section for a description of the cases. The simulated values are means of 75 runs of the FracRoot model. All regressions are significant at P = 0.0002 or lower. SE is the standard error of the slope.
*The value in parentheses is the P value for H 0 : slope = 1 in two-tailed Student's t test. ns, nonsignificant. Slopes for the cases without turnover were not tested. density within the root system was an unlikely reason for this model behaviour.
Root system mass also responded much more conservatively to changes in parameter values than did root length. There may be both mathematical and biological causes for this model behaviour. First, root length and root system mass were estimated at different scales, i.e., an individual root for length and the whole root system for mass. As pointed out earlier, length estimates for individual roots varied considerably, while the estimated mean for several roots appeared to be more accurate, with under-and overestimations offsetting each other. Although we base our discussion on the mean of several roots, this value may still have more statistical variation than the estimate for the whole root system mass. When whole root system length and mass were simulated (Table 7) , the greater variation in length estimates persisted, as indicated by wider 95% confidence intervals.
Second, when considering the structure and functioning of trees, this feature may have been caused by the fact that the proximal roots and second and third branching generations accounted for most of root system mass. Because the biomass of proximal roots was estimated from their measured dimensions in FracRoot, up to 40% of root system mass may have been based on direct measurements, while an almost negligible proportion of root system length was based on measurements. Thus, increasing the number of roots of high branching generations strongly affected the root length estimate but these small-diameter roots had only a slight effect on root system mass. We considered the root system length to be an ecologically more meaningful variable than mass (cf. Lynch 1995) and aimed for greater accuracy in root length estimates.
Possibilities for improving the FracRoot model
Estimating link length is recognized as a difficult task in FracRoot-type models (Salas et al. 2004) . This was also evident in the current data set, in which the case that produced the best fit for root length (case 1: mean p and q for whole The relationship between observed and simulated root system mass in Populus deltoides when simulation is done using p and q values for whole root system (cases 1-3) with turnover (a) and using diameter-class-specific p and q values (cases 4-6) with turnover (b). See ''The FracRoot model'' section for a description of the cases. The simulated values are means of 75 runs of the FracRoot model. All regressions are significant at P = 0.0008 or lower. The number in parentheses after the regression equation indicates the significance level for H0: slope = 1 in two-tailed Student's t test. ''Dist'' refers to the use of distribution laws for defining parameter values in cases 3 and 6. Note: Mean parameter p and q values for whole root system were used. The simulated values are means of 75 runs of the FracRoot model. All regressions for the root length were significant at P < 0.0001, for the number of links at P 0.0008, and for the root system mass at P 0.0002. SE is the standard error of the slope. The values in parentheses are P values for H 0 : slope = 1 in two-tailed Student's t test. ns, nonsignificant. root system) produced an underestimation for the number of links within a root (Tables 4 and 5 ). The case that produces the best estimate for the number of links should also result in the best fit for root length if link length was accurately estimated. The current results suggest a small systematic overestimation of root length. Further, quite a high variation of link length was observed in each branching generation of P. deltoides (Fig. 3) . Thus, stochastically calculating link length using length distributions by link order and estimating the length from them as we did here for parameters p and q is worth future research. However, that work will require a larger number of link length measurements by branching generation than we had available.
The root structure in FracRoot is currently static, providing a snapshot of the root architecture at the time of proximal root measurements. Thus, the FracRoot model is not suitable for simulating root development. Inclusion of the turnover factor may open possibilities for a dynamic root structure simulation, i.e., an estimation of root system growth based on diameter growth in proximal roots. However, the turnover rate may vary with root conditions, such as diameter, root density in the growing area, and availability of water and nutrients (Jourdan and Rey 1997) . Thus, repeated field measurements are needed for developing a dynamic root structure. Currently, these data are not available.
Ecological considerations
The simulation results presented in Table 7 indicated that several small proximal roots produce almost the same total root system length as did fewer large proximals. This result follows from the mathematical structure of the FracRoot model: because parameters p and q are ratios calculated from squared root diameters, tapering of the root axes occurs at a faster rate in large diameters roots than in small diameter roots. This mathematical result is in agreement with the lack of any trend in p and q values in relation to link diameter ( Table 1 ) and suggests that root diameter scales between links in a self-similar fashion (Mandelbrot 1983; van Noordwijk et al. 1994) over the relatively limited range in our data.
The soil of the study site was quite uniform with very low stoniness within the 1 m depth in which the whole root systems were excavated. Uniformity was also reflected in the distributions of the branching angles (Figs. 4 and 5) , which indicated very little soil restrictions to root growth -there was a clear tendency for the daughter links to follow approximately the direction of the mother link. Much wider branching angle distributions were observed in boreal forests growing on more variable and much stonier soil (Kalliokoski et al. 2008 ). This finding also suggests that the observed variability in link length may have been more affected by the internal state of the trees than by soil conditions (Fig. 3) .
The root system of P. deltoides appeared to be relatively deep compared with the horizontal extension (Fig. 8) . This distribution may reflect the local weather conditions -severe water deficits may develop in the field site in late summer -and strong competition in the very dense short-rotation plantation. The simulations agreed with the field observation that only single roots, if any, had grown below 1 m depth. Although the horizontal extension of the root system of P. deltoides was limited (Fig. 8) , root systems of the trees in the dense study stand overlapped strongly.
Conclusions
While some variability was observed in the scaling parameter p and allocation parameter q values within diameter classes, the internal variability of root systems of P. deltoides had quite a small effect on the coarse-root length simulated using the FracRoot model compared with the effect of the root turnover factor. Including stochastic properties of p and q and root turnover together in the model did not improve the simulation accuracy compared with the use of the turnover factor with invariant parameter values for the whole root system. The latter case is the recommended model formulation because it is accurate yet simple. Although including stochasticity of p and q did not improve model behaviour, stochasticity of link length is worth studying for further improvements of the model. Root length was much more sensitive to parameter values and turnover factor than root mass. Root length is, thus, the recommended metric for model validation. The model validation results indicated that FracRoot model gave poor estimates for individual roots but root system architecture was relatively well described.
Coarse-root turnover has received relatively little attention in root research. However, both our field observations and the importance of the turnover factor to simulation accuracy suggest that coarse-root turnover should receive serious consideration, at least under conditions of strong competition or other severe external stress.
